The strong spin-orbit interaction in the rare-earth elements ensures that even within a ferromagnetic state there is a substantial orbital contribution to the ferromagnetic moment, in contrast to more familiar transition metal systems, where the orbital moment is usually quenched. The orbital-dominant magnetization that is then possible within rare-earth systems facilitates the fabrication of entirely new magnetic heterostructures, and here we report a study of a particularly striking example comprising interfaces between GdN and SmN. Our investigation reveals a twisted magnetization arising from the large spin-only magnetic moment in GdN and the nearly zero, but orbital-dominant, moment of SmN. The unusual twisted phase is driven by (i) the similar ferromagnetic Gd-Gd, Sm-Sm and Gd-Sm exchange interactions, (ii) a SmN Zeeman interaction 200 times weaker than that of GdN, and (iii) the orbital-dominant SmN magnetic moment. The element specificity of X-ray magnetic circular dichroism (XMCD) is used in seperate modes probing both bulk and surface regions, revealing the depth profile of the twisting magnetization. 
magnetized in one direction, and when the field is reversed the hard material remains fixed while an exchange spiral is formed in the soft material. 8, 26 In another manifestation, metallic Gd/Fe systems displaying twisted phases rely on antiferromagnetic coupling between spins at the interface. 7, [27] [28] [29] [30] [31] With the SmN/GdN system, however, the interlayer Sm-Gd exchange is ferromagnetic, and the usual hard/soft contrast is of no interest; indeed the fixed layer (GdN) has a coercive field three orders of magnitude smaller than SmN. It is the much stronger Zeeman interaction in GdN than in SmN that effectivel locks the GdN magnetization. Furthermore, the spin-dominant, metallic systems lack the novel combination of electronic and magnetic properties of SmN and GdN, which allow the facility of controlling the concentration and sign of charge carriers without disturbing the ferromagnetic ordered state, and band structure results also show electron and hole channels of majority spin.
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In our investigation of the interface exchange coupling in GdN/SmN multilayers we have used the element selectivity of X-ray magnetic circular dichroism (XMCD) at the Sm L 2,3
and M 4,5 edges. We first demonstrate that the SmN is ferromagnetically exchange coupled to GdN through investigation of a SmN/GdN superlattice. We then demonstrate that a twisted, or rotating, magnetization develops in ultrathin SmN films coupled to GdN due to interface pinning in the SmN, short-range interionic rare-earth exchange, and the extremely weak Zeeman coupling of SmN. The observed depth dependence of the magnetization is fully consistent with an analytical model based on these competing interactions.
II. EXPERIMENTAL DETAILS
The attenuation lengths of hard L-edge and soft M-edge X-rays dictated that quite different structures were used for the two investigations. At the L-edge the full thickness of a superlattice of 12×(1.5 nm SmN/9 nm GdN) was probed through a 100 nm passivating AlN cap. For the much more surface sensitive M-edge we investigated two samples. The first was a bilayer of 100 nm GdN/ 5.5 nm SmN, and the second, a trilayer of 100 nm GdN/ 6 nm LaN/ 5.5 nm SmN. The non-magnetic LaN layer between the GdN and SmN was included to block the Gd-Sm exchange interaction in the trilayer. Both of the M-edge samples were passivated with 25 nm of GaN to prevent sample oxidation.
Samples were grown in a Thermionics ultra-high vacuum system with a base pressure of 
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XMCD measurements were performed at temperatures down to 15 K and fields up to 6 T at the Sm and Gd L 2,3 edges on beam line ID12 at the European Synchrotron Radiation Facility (ESRF) in Grenoble. M 4,5 edge XMCD was measured at the soft X-ray line ID08 of the ESRF, at temperatures to 10 K and in fields up to 4 T. Measurements at the M-edge were necessarily performed only at normal incidence to limit attenuation by a passivating cap. For all of the L-edge XMCD measurements the field and incident beam were directed at 10
• from grazing incidence, in which geometry the very large shape anisotropy (4πM ∼ 2 T, were M is the magnetization) of GdN ensured that the magnetization lay in the plane of the film. At both edges the applied magnetic field was along the X-ray propagation direction.
The XMCD spectra were obtained by taking the difference of two XAS spectra with the X-ray helicity reversed while the magnetic field was held fixed. This corresponds to the difference between antiparallel and parallel alignments of the helicity and magnetization. XMCD at the Sm L 2 edge is the signal of choice for following magnetic hysteresis, for it is stronger than the L 3 edge signal. In the superlattice that feature was obscured by magnetic EXAFS (extended X-ray absorption fine structure) from the Gd L 3 edge, necessitating the use of the Sm L 3 XMCD in the superlattice. There was a similar interference in the soft-X-ray measurements, where the capping-layer Ga L 2,3 edge introduced a large and variable background in the Gd M 4,5 -edge XAS.
Our investigation relies on the use of two common schemes for measuring the X-ray absorption and XMCD spectra, based on the emission of fluorescence (total fluorescence yield, TFY) or electrons (TEY). Below we exploit the differing probing depths of these two schemes in our soft-X-ray M 4,5 edges, where TFY probes the full 5.5 nm of the SmN layers while TEY data probe a depth of ∼ 2 nm. Saturation effects distorted the TFY mode at the Sm M 4,5 edges, but nonetheless provide relative comparisons between different samples.
III. L-EDGE XMCD RESULTS
We first discuss the hard X-ray results; Figure that the hysteresis in the homogeneous SmN film was measured using the L 2 edge, the signal of choice for its substantially larger XMCD signal, but the masking of that signal by Gd magnetic EXAFS (extended X-ray absorption fine structure) dictated the use of the weaker L 3 edge in the superlattice. There is an intrinsic sign difference between the most prominant XMCD features at the Sm L 2 and L 3 edges, 25 so we have scaled the L 3 derived hysteresis by -1 in Fig. 2 (b) in order to indicate the antiparallel spin/orbit alignment between samples, which is clear from the direct L 3 edge comparison in Fig. 2(a) . The shaded circles show data points while the black line is a smoothed average as a guide to the eye.
The arrows represent the spin-moment (black arrows) and orbital moment (red arrows) through the SmN in the bilayer.
IV. M-EDGE XMCD RESULTS
We access the magnetic alignment of SmN more directly by turning to the soft X-ray M 4,5 edges, which represent 3d → 4f transitions and thus signal the spin and orbital alignment in the 4f shell. Figure 3 (a) sketches the geometry of the M-edge measurements, with the magnetic field and X-rays parallel to the surface normal. To quantify the differences in XMCD between samples we have fit the Sm M 4,5 spectra in the bilayer to that in the uniformly aligned trilayer. The procedure is justified by the strong spin-orbit coupling of the 4f electrons, which keeps spin and orbital moments firmly aligned relative to each other. 35, 36 The XMCD sum rules 37, 38 then imply that the XMCD spectral shape should remain the same between the samples, with a scaling factor as a measure of the depth averaged (TFY) and near-surface (TEY) alignment.
Fitting of the spectra yields spin/orbital-alignment ratios of bilayer-to-trilayer of R TEY = 0.20 ± 0.07 and R TFY = −0.12 ± 0.02. For the bilayer then, the alignment in the surface ∼ 2 nm probed by TEY is Zeeman-dominated, though its alignment with the field is only 20% of that in bulk SmN. In contrast the average through the film is of opposite sign, determined by exchange across the GdN/SmN interface, as was found also in the very thin SmN layers in the superlattice in the L 2,3 -edge study above. Clearly there is an inhomogeeous alignment in the bilayer, a rotation of the spin and orbital moments as sketched in Figure 4 (a). spin-moment at the interface. In this region the increasing field has the effect of modifying the exchange-Zeeman competition which in turn reduces the bulk averaged XMCD signal as the 4f spin and orbital moments rotate through the film. In the following section we pursue deeper insight into the nature of the twisting, or rotating magnetization.
V. ANALYSIS AND DISCUSSION
In this section we relate the measured TEY and TFY XMCD results in the bilayer to a model of the twisting SmN magnetization. We consider a one dimensional model of the SmN magnetization in the bilayer, in which the resulting magnetization profile is determined by the balance among (i) the Sm-Sm exchange energy acting on Sm spin moments, (ii) the Zeeman energy acting on the SmN net moment, and (iii) the demagnetization field of SmN.
We note that the shape anisotropy for SmN is only 0.01 T; under the large fields of interest here the demagnetization field responsible for the shape anisotropy can be neglected in comparison to the Zeeman energy. While anisotropy should play some role, there are no studies of its effects in SmN, 24 and our results suggest it is only a weak correction. Treating the exchange as acting between atomic planes parallel to the interface, the total energy per unit area in a continuum approximation 6, 8 is then
where A is the exchange stiffness, M S is the saturation magnetization of the SmN, H = Hẑ is the applied field, and d = 5.5 nm is the thickness of the SmN film. θ(z) is the depthvarying angle between H and the spin-moment µ µ µ S (see Fig. 4(a) ). The Zeeman term adopts the opposite sign as found in conventional spin-dominant systems because the net moment is antiparallel to the µ µ µ S , hence −M S ·H = M S H cos θ(z). The exchange stiffness A is estimated from the experimental Curie temperature of SmN using the mean-field approximation.
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Equation (1) can be minimized analytically to yield the most energetically favorable configuration, as carried out by Goto et al. 8 for an exchange-spring system, yielding an expression for θ(z) in terms of Jacobi elliptic functions (see Supplemental Material for details).
The boundary conditions were chosen such that θ(d) = 0 (Sm spin is aligned with the Gd spin at the SmN-GdN interface) and dθ(z)/dz| z=0 = 0 (SmN free surface). These boundary conditions account for the magnetically soft GdN being rigidly fixed parallel to the applied field due its large Zeeman interaction. This fixed GdN then acts as the rigid pinning layer for the SmN at the interface. We emphasize that this is in strong contrast to conventional spin-dominant exchange-spring systems, where the pinning layer must have a large coercive field in order to remain rigid because the field is applied antiparallel to its magnetization. and the inset of Fig. 3(c) .
The resulting depth profile of the net SmN moment projected along the z-axis, µ cos θ(z),
can be compared to the XMCD spectra by accounting for the depth-averaging of the XMCD measurement, in combination with the effective sampling depth in the TXY (TEY or TFY) measurement schemes, λ TXY . The finite sampling depth λ TXY in the TXY mode results in a detection efficiency w TXY = e −z/λ TXY from a depth z. 40 Thus we can approximate the depth averaged XMCD measurement as returning an effective net moment of
Absolute values of µ S and the orbital moment µ L can in principle be extracted by applying the XMCD sum rules, however they require much greater signal-to-noise ratios than available with the present data. Instead we note that µ S and µ L in both samples are fixed antiparallel by the strong spin-orbit coupling, and the energy dependence of the XMCD spectra remains 
